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Abstract

We introduce a hybrid two-stage energy-recovery approach to sequester CO, and produce geothermal
energy at low environmental risk and low cost by integrating geothermal production with CO, capture
and sequestration (CCS) in saline, sedimentary formations. Our approach combines the benefits of the
approach proposed by Buscheck et al. (2011b), which uses brine as the working fluid, with those of the
approach first suggested by Brown (2000) and analyzed by Pruess (2006), using CO, as the working fluid,
and then extended to saline-formation CCS by Randolph and Saar (2011a). During stage one of our
hybrid approach, formation brine, which is extracted to provide pressure relief for CO, injection, is the
working fluid for energy recovery. Produced brine is applied to a consumptive beneficial use: feedstock
for fresh water production through desalination, saline cooling water, or make-up water to be injected into
a neighboring reservoir operation, such as in Enhanced Geothermal Systems (EGS), where there is often a
shortage of a working fluid. For stage one, it is important to find economically feasible disposition
options to reduce the volume of brine requiring reinjection in the integrated geothermal-CCS reservoir
(Buscheck et al. 2012a). During stage two, which begins as CO, reaches the production wells; co-
produced brine and CO, are the working fluids. We present preliminary reservoir engineering analyses of
this approach, using a simple conceptual model of a homogeneous, permeable CO, storage
formation/geothermal reservoir, bounded by relatively impermeable sealing units. We assess both the CO,
sequestration capacity and geothermal energy production potential as a function of well spacing between
CO, injectors and brine/CO, producers for various well patterns and for a range of subsurface conditions.

1. Introduction

In order to stabilize atmospheric CO, concentrations for climate change mitigation, CCS implementation
must be increased by several orders of magnitude over the next two decades (Fig. 3 of IEA, 2009).
Increased reliance on geothermal energy and CO, capture and sequestration (CCS) in deep geological
formations are both regarded as a promising means of lowering the amount of CO, emitted to the
atmosphere and thereby mitigate climate change (Socolow and Pacala, 2006). In order for widespread
deployment of industrial-scale CCS to be achievable, a number of implementation barriers must be
overcome: CO, capture cost, sequestration safety, legal and regulatory barriers, public acceptance, water-
use demands from CCS operations, and pore-space competition with emerging activities, such as shale-
gas production (IPCC, 2005; Court et al., 2011a; Court, 2011).

For industrial-scale CO, injection in saline formations, pressure buildup can be the limiting factor in the
ability to store CO, and is the main physical drive for potential CO, and brine leakage, whereas
geothermal energy production is often limited by pressure depletion. Using active reservoir management,
these two complementary systems can be integrated synergistically (Figure 1), with CO, injection
providing pressure support to maintain the productivity of geothermal wells, while the net loss of brine
provides pressure relief and improved injectivity for the CO,-injection wells, thereby increasing CO,
storage and reducing the risk of CO, and brine leakage (Buscheck 2010; Buscheck et al., 2011b).
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Figure 1. An actively managed, two-stage, integrated geothermal—CCS system, using binary-cycle power
generation, is shown in a saline, permeable, sedimentary formation.

2. Background

Sedimentary formations are second only to crystalline basement rock in the U.S. geothermal resource
base (MIT, 2006). Compared to basement rock, sedimentary formations have the advantages of higher
permeability and reservoir flow capacity, without requiring hydraulic fracturing. However, sedimentary
formations typically have reduced vertical permeability, caused by impermeable layers (e.g., shale) being
sandwiched between permeable layers (e.g., sandstone). Sedimentary formations suitable for CCS must
be overlain by an areally extensive impermeable caprock to limit the buoyancy-driven upward flow of
CO,. An impermeable caprock is also useful for geothermal reservoirs, to prevent recharge from cooler
overlying formations. Reduced vertical permeability limits natural hydrothermal convection and the
recharge of hot brine from below. For such systems, two approaches can allow commercially attractive
flow rates: (1) vertical wells penetrating a sufficient number of permeable layers or (2) multilateral wells
completed over a sufficiently long interval of permeable rock. The question of what constitutes
commercially attractive flow rates depends on formation temperatures and the intended economic lifetime
of heat recovery operations. A significant portion of the U.S. geothermal resource base residing in
sedimentary formations is associated with relatively low geothermal heat flux (Blackwell and Richards,
2004). To attain sufficiently high temperatures in such geologic settings, it is necessary to drill to great
depths. Moreover, well drilling, completion, and maintenance costs make up a substantial percentage of
the capital and operating costs associated with geothermal energy production, particularly when great
formations depths are involved. As discussed later, our approach may allow much greater well spacing
between injectors and producers, which would provide a greater thermal footprint over which heat is
harvested, compared to conventional geothermal systems (Buscheck et al., 2012c; Elliot et al., 2012).
Greater well spacing would better leverage the large capital and operating costs associated with very deep
wells. A large thermal footprint would result in a smaller heat extraction rate, relative to the geothermal
heat flux, than in conventional geothermal systems, with the added value of reduced thermal drawdown.



More sustainable energy production increases the economic lifetime of the geothermal well field, which
also would provide better leveraging of the large capital and operating costs of the well infrastructure.

As discussed later, spacing between injectors and producers is influenced by hydraulic communication,
which facilitates pressure interference, between the wells. The primary reservoir factors affecting how far
apart injectors and producers can be spaced from each other are (1) reservoir permeability, with larger
horizontal permeability favoring increased well spacing and (2) reservoir heterogeneity and
compartmentalization, arising from the presence of sedimentary baffling, sealing faults at depth, and intra-
fault block heterogeneity, with greater compartmentalization generally necessitating decreased well spacing.

3. CO, Capture, Utilization, and Sequestration: Turning CO, into a Resource

The challenges of mitigating global climate change and generating sustainable energy are inseparable and
require innovative, cross-cutting thinking that aggressively seeks synergistic opportunities in an open-
minded manner. With the exception of CO,-enabled Enhanced Oil Recovery (EOR), the CCS community
has largely viewed CO, as a waste to be safely disposed of. Whereas the geothermal community, which
conventionally applies brine-based heat extraction, has only recently considered CO, as a working fluid, with
CO, sequestration being an ancillary benefit, rather than a strategic priority. Our goal is to develop a cross-
cutting approach, which can eventually be economically deployed nationwide, that balances the priorities of
(1) large-scale CO, sequestration, (2) sustainable geothermal energy production, and (3) minimized
environmental risks. An ancillary benefit of our approach is that it also generates substantial quantities of
water for beneficial use, which can be very significant in regions where water scarcity is an issue. Thus, our
goal is to change the perception of CO, from: waste requiring safe disposal to: a valuable resource that
enables economically attractive and sustainable energy production.

3.1 Active CO; Reservoir Management

For industrial-scale CO, injection in saline formations, pressure buildup is a limiting factor in CO;
sequestration capacity and risk mitigation because it drives CO, and brine migration (Birkholzer and
Zhou, 2009). As a means to mange pressure buildup and to control CO, and brine migration, Lawrence
Livermore National Laboratory (LLNL) and Princeton University have been collaborating on the
development of Active CO, Reservoir Management (ACRM), which combines brine extraction and
treatment and residual-brine reinjection with CO, injection (Buscheck et al., 2011a, 2012a, 2012b; Court
et al., 2011b, 2012; Court, 2011). This concept is being considered for specific CCS sites in the state of
Wyoming (Surdam et al., 2009) and off the coast of Norway (Bergmo et al., 2011). Combining brine
extraction/treatment and residual-brine reinjection with CO, injection causes “push-pull” manipulation of
the CO, plume, which exposes less of the caprock seal to CO, and more of the storage formation to CO,,
with a greater fraction of the formation utilized for trapping. Because ACRM increases CO, sequestration
capacity and reduces brine migration, the area required for securing property rights is reduced. If the net
extracted volume of brine is equal to the injected CO, volume, pressure buildup is minimized in
magnitude, temporal, and spatial extent, reducing the Area of Review (AOR) by as much as two orders of
magnitude, reducing the duration of post-injection monitoring, as well as reducing the risks of induced
seismicity, fault activation, and leakage up abandoned wells (Buscheck et al., 2011b, 2012a, 2012b).
Moreover, a reduction in pressure perturbation magnitude and extent will lower the volume of brine
migration. Minimized pressure perturbations also reduce pore-space competition with other subsurface
activities, such as shale gas (Elliot and Celia, 2012; Buscheck et al., 2012b).

Extracted brine is available as a feedstock for desalination, such as Reverse Osmosis (RO). Depending on
formation temperature, geothermal heat recovered from the produced brine and CO, can generate enough
electricity to defray the costs of CCS. Geothermal heat recovery is also beneficial for RO treatment, because



the operating lifetime of RO membranes is greater when temperature is less than 40-50°C (Aines et al., 2010).
It has been suggested (Surdam et al., 2009) that the proposed CO, sequestration site at the Rock Springs Uplift
in Wyoming, with formation temperatures ranging from 100 to 130°C, may be suitable for geothermal energy
production. ACRM is being considered by the State of Wyoming for this site, where it is estimated that
injecting 15 million tons of CO, annually into the Weber Sandstone could yield 10,000 acre-feet of potable
water per year, based on the assumption that the ratio of produced fresh water to RO-treated brine is 0.9 and
the residual brine would be reinjected into a separate formation (Surdam et al., 2009).

The feasibility of brine extraction is constrained by brine composition and treatability (Aines et al. 2010;
Bourcier et al., 2011). Treatment becomes more difficult (and expensive) with increasing total dissolved
solids (TDS), which ranges from a lower (regulatory) limit of 10,000 mg/L up to about 400,000 mg/L.
Brines with TDS in the range 10,000-40,000 mg/L are prime candidates for RO treatment, using a process
much like that for seawater for which a large industry currently exits. Brines with TDS in the range
40,000-85,000 mg/L may be treatable by RO alone, but with lower recovery. Above 85,000 mg/L, less
conventional methods are necessary, such as nanofiltration (NF) and subsequently RO or multi-stage RO.
Above 300,000 mg/L, brines are considered economically untreatable. Data for various western states
(e.g., Colorado, Wyoming, and California) show substantial areas where brine is in the 10,000-85,000
mg/L range, indicating that ACRM is feasible, with respect to brine TDS and composition.

The feasibility of using brine as saline cooling water is also constrained by brine composition and
treatability. There is an expanding industrial experience base in the use of saline cooling water. One
sector (Maulbetsch and DiFilippo, 2010) consists of otherwise conventional power plants that use
estuarine water or seawater in slightly oversized cooling towers. The second sector (Duke, 2007) consists
of power plants that utilize the “zero liquid discharge” (ZLD) concept, in which no residual liquid is
returned to the original source. ZLD attempts to vaporize a large fraction of the water in the cooling
process by making a large number of cycles so as to minimize the amount of blowdown for final disposal.

3.2 CO, EGS and CO,-Plume Geothermal (CPG) Systems

A Hot Dry Rock geothermal energy (EGS) concept utilizing CO; instead of water as the working fluid was
first suggested by Brown (2000) and would achieve geologic sequestration of CO, as an ancillary benefit.
Pruess (2006) followed up on his suggestion by evaluating thermophysical properties and performing
reservoir simulations. Pruess (2006) analyzed a five-spot pattern with four CO, injectors and a producer in
the center, with 707-m spacing between the producer and injectors and found CO, to be superior to water in
mining heat from hot fractured rock, including a reduced parasitic power consumption to drive the fluid
circulation system. This concept has been extended to CCS in saline, sedimentary formations (Randolph and
Saar, 2011a). They observed that EGS typically requires hydraulic fracturing Hot Dry Rock, which runs the
risk of induced seismicity and undesirable hydraulic communication. Hence, EGS has met social-political
resistance, including termination of EGS projects, such as in Basel, Switzerland (Glanz, 2009). Randolph
and Saar (2011a, 2011b) have analyzed this approach applied to sedimentary formations, which they call a
CO,-Plume Geothermal (CPG) system, to distinguish their approach from CO,-enabled EGS. For their
reservoir analyses, they use the same five-spot well configuration as analyzed by Pruess (2006). With
respect to parasitic energy costs for driving the fluid circulation system, Randolph and Saar (2011b) found
CO, to be more efficient than water and brine for low-to-moderate permeability (k < 2x10™ to 2x10™ m?).



4. Two-Stage, Integrated Geothermal-CCS Approach

The determination of the feasibility of deploying actively managed integrated, two-stage, geothermal-
CCS at a given site depends on several primary factors (Figure 2a), including:

¢ Formation with sufficient CO, storage/trapping characteristics: (1) storage-formation volume,
permeability, porosity, and depth, (2) caprock “seal” thickness, areal extent, and sufficiently low
permeability, and (3) remoteness from potable-water aquifers and the atmosphere

¢ Brine disposition options: brine salinity and composition influence the feasibility of various brine
treatment options, as does proximity to water consumers, such as other reservoir operations

¢ Formation temperature: affecting energy production rate per unit mass of extracted brine

¢ Proximity to CO, emitters: affecting CO, conveyance costs via pipelines (Note that conveyance
cost and feasibility is influenced by current and planned infrastructure and demographics.)

e Competition for pore space: which includes natural gas storage, liquid waste disposal, shale gas,
and other uses (Elliot and Celia, 2012; Court et al., 2012; Court, 2011)

¢ Regulatory and demographic constraints: which can vary from state to state

If all of these attributes pertain to a single CO, reservoir, Buscheck et al. (2011b) has named this single-
formation ACRM (Figure 2). ACRM may also be deployed using separate formations in “tandem”, with one
formation being utilized for CO, storage and a separate formation being utilized for the purpose of brine
reinjection (Figure 3). Tandem-formation ACRM involves two or more formations that may possess less
than all of the attributes listed above (Buscheck et al., 2011b). For example, a formation with excellent CO,
storage/trapping characteristics and good proximity to CO, emitters could be used in tandem with a
formation with marginal CO, storage/trapping characteristics, low-salinity brine that could be treated at low
cost, and possibly high formation temperature. Brine extracted from the first (CO,-storage) formation would
be conveyed (via pipeline) and injected into the second (brine-storage) formation. Extraction of native brine
from the second formation would be put through a binary-cycle geothermal plant and treated, using RO,
which would produce fresh water and geothermal energy at relatively low cost. The residual brine would
then be reinjected back into the second (brine-storage) formation. The net reduction of brine resulting from
RO treatment creates pore space in the second (brine-storage) formation to allow room for brine conveyed
from the first (CO,-storage) formation to be stored there. If the temperature in the first (CO,-storage)
formation is sufficiently high, geothermal energy could also be produced from that formation (Figure 3a).
Another form of tandem-formation ACRM involves conveying the produced brine to a geothermal reservoir
(Figure 3Db), either a conventional hydrothermal or EGS reservoir, where it would be used as make-up water,
or, in the case of EGS, as the hydraulic-fracturing and working fluids as well (Harto and Veil, 2011;
Bourcier et al., 2012; Buscheck et al., 2011b).

Substantial geothermal well flow rates are possible with ACRM-CCS associated with coal power plants.
If the net extracted volume of brine is equal to the injected CO, volume, and the extracted brine is not
reinjected back into the same formation, a brine production rate of ~380 kg/sec is required for the volume
of CO, to be sequestered for a 1-GWe coal power plant. Figure 4 plots the binary-cycle geothermal power
output for those conditions, when brine is used as the working fluid, as proposed by Buscheck (2010).
When CO, is the working fluid, energy recovery will be similar to that shown in Figure 4, with the
advantage of reduced parasitic power consumption to drive the fluid recirculation system (Pruess, 2006;
Randolph and Saar, 2011a, 2011b).
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5. Model Methodology

In this study, we used the NUFT (Nonisothermal Unsaturated-saturated Flow and Transport) code, which
was developed at Lawrence Livermore National Laboratory (LLNL) to simulate multi-phase multi-
component heat and mass flow and reactive transport in unsaturated and saturated porous media (Nitao,
1998; Buscheck et al., 2003; Johnson et al., 2004a, 2004b; Carroll et al., 2009; Morris et al., 2011). The pore
and fluid compressibility are 4.5 x 10" and 3.5 x 10™° Pa™, respectively. Water density is determined by
the ASME steam tables (ASME, 2006). The two-phase flow of CO, and water was simulated with the
density of supercritical-CO, determined by the correlation of Span and Wagner (1996) and viscosity
determined by the correlation of Fenghour et al. (1997).

We used a 3-D model with quarter symmetry to represent a 250-m-thick storage formation (reservoir),
similar to that modeled by Zhou et al. (2008) and Buscheck et al. (2011a), with the top of the reservoir
located either 2250 or 4750 m below the ground surface, bounded by relatively impermeable 100-m-thick
seal units. Thus, the bottom of the reservoir is at 2500 and 5000 m depths. Note that the model used in
Section 6.1 required 79,524 grid blocks (Figure 5). The outer boundaries have a no-flow condition to
represent a semi-closed system for reservoir area of 1257 km?® for the 12 and 16 well configurations
analyzed in Section 6.1. The lower boundary, located 1000 m below the bottom of the reservoir, has a no-
flow condition and a specific geothermal heat flux of either 50, 75, or 100 mW/m? in Section 6.1. Because
we used an average thermal conductivity of 2.0 W/m°C, this results in thermal gradients of 25, 37.5 and
50°C/km. For the 5-spot well patterns (Section 6.2), the bottom of the reservoir is at 2500 m depth and the
geothermal heat flux is 75 mW/m? Hydrologic properties (Table 1) are similar to previous studies (Zhou et
al., 2008; Buscheck et al., 2011a, 2011b, and 2011c). CO, injection and fluid (brine plus CO,) production
occur in the lower half of the reservoir. For all cases we maintained a fluid mass balance between injected
CO, and produced fluids. Because supercritical CO, is approximately 30 percent less dense than water, this
results in a small overpressure in the reservoir during the time when brine production predominates. CO; is
injected at a fluid enthalpy corresponding to 16.0°C at injection conditions, which approximates average
annual surface temperatures.



Table 1. Hydrologic property values used in the study are listed.

Property Storage formation Caprock seal
Horizontal and vertical permeability (m?) 1.0x 103 1.0x 108
Pore compressibility (Pa') 4.5x 1010 45x1010
Porosity 0.12 0.12

van Genuchten (1980) m 0.46 0.46

van Genuchten o (Pa") 5.1x10°% 5.1x10%
Residual supercritical CO2 saturation 0.05 0.05
Residual water saturation 0.30 0.30

6. Results

6.1 Analyses of 12 and 16 Well Patterns

As originally proposed by Buscheck (2010), the focus of integrated geothermal-ACRM-CCS was to
optimize the storage of CO,. Therefore, it was thought to be necessary to avoid, or at least delay, the
breakthrough of CO, at the producers to maximize the useful lifetime of the brine producers (Buscheck et
al., 2011b, 2012a). Pressure relief from brine production increases with decreasing spacing between the
CO, injectors and brine producers, while CO, breakthrough time increases with well spacing. Therefore,
reservoir analyses focused on the tradeoff between achieving pressure relief, while delaying CO,
breakthrough. Various approaches were investigated, such as the use of horizontal wells and successively
producing brine from a series of producers incrementally spaced farther from the injector. The use of
“smart-wells” was suggested, but not analyzed, with down-hole sensors and multiple independently-
controlled production and injection zones to extend the useful lifetime of brine producers. For vertical
wells, this involved concentric rings of brine producers. Because of the large areal scales involved, it
appeared that it could be difficult to build a pipeline network to bring the hot brine to a central geothermal
plant. Thus, we decided to turn our original concept “inside-out”, with CO, injectors on the outer
perimeter and producers clustered in the center. Figure 5 shows the growth of the CO, plume for a ring of
8 CO; injectors, 10 km from the center and an inner ring of producers, 2 km from the center. It was found
that producing from the center is an effective means of controlling the influence of buoyancy on CO,
plume migration, substantially increasing the utilization of the CO, storage formation (Buscheck et al.,
2012c; Elliot et al., 2012). These reservoir performance benefits reduce pore-space competition and
pressure interference with neighboring subsurface activities, such as shale gas, and can help streamline
the permitting process.

Because 190 kg/sec is higher flow rate than typically found in geothermal production wells, we modified the
case shown in Figure 5, by increasing the number of producers to 8, with each located 3 km from the center
of the injection zone. We moved the producers farther from the center to reduce the pressure drawdown.
Note that the injectors and producers are completed in the lower half of the 250-m-thick storage formation.
The geothermal and CO,-sequestration performance of this 16-well configuration is shown in Figure 6.
Production well temperature histories show a very small decrease during early time, which corresponds to
cooler water from the upper half of the storage formation being drawn into the producers. Thus, the
temperature decline during the first 30 yr is the result of thermal mixing. For these cases, the CO, front
reaches the production wells sometime between 30 and 100 yr (Figure 6b, Table 2); hence, the small
temperature decline during that timeframe corresponds to the arrival of the slightly cooler CO, plume. After
CO, breakthrough, thermal conduction from the large thermal footprint, compared to typical geothermal
reservoir systems, prevents further decline of temperatures in the CO, plume. Hence, the natural geothermal
gradient is able to replenish the heat removed from the convection zone between the injectors and producers.
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Figure 5. Liquid saturation is plotted for a 8 CO, injectors, 10 km from the center and 4 producers, 2 km from the
center at (a) 70 yr, shortly after CO, breakthrough occurs, and (b) 1000 yr for a total CO, injection rate of 760 kg/sec
and total fluid (brine plus CO,) production rate of 760 kg/sec. The reservoir is 4750 to 5000 m deep, with a
permeability of 1 x 10" mz, bounded by 100-m-thick seal units with permeability of 1 x 10™ mz; all with 12 percent
porosity and a thermal conductivity of 2.0 W/m°C. The wells are completed in the lower half of the reservoir.
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performance is shown for five cases, with geothermal
heat fluxes of 50, 75, and 100 mW/mZ, and for
reservoir bottom depths of 2500 and 5000 m,
including (a) production well temperature, (b) mass
fraction of CO, in the total fluid production, and (c)
cumulative net CO, storage. These cases are similar to
that shown in Figure 5, except that there are 8
production wells (rather than 4), 3 km from the center
of the injection zone (rather than 2 km). Total fluid
production rate is 95 kg/sec at each of the 8
producers.
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Table 2. Production well temperature histories are summarized for the 16-well pattern cases (Figure 6).

Geothermal heat flux Reservoir bottom Production temperature (°C) Thermal drawdown (°C)?
(mWim2) depth (m) 0yr 30yr 100 yr 1000 yr 100 yr 1000 yr
50 5000 138 137 133 133 4 4
75 5000 200 198 194 195 4 3
100 5000 262 259 257 256 2 3
75 2500 137 134 132 131 2 3
100 2500 106 104 102 101 2 3

*Thermal drawdown is determined relative to the temperature at 30 years, because the initial temperature decline is caused by drawing cooler brine
from the upper half of the reservoir.

CO,-sequestration performance of this 16-well configuration is summarized in Table 3. The annual CO,
injection rate is nearly 24 million tons per year for the 8 CO, injectors, which is the CO, generated by 3
GWe of coal-fired electrical power. Prior to CO, breakthrough at the producers, the cumulative net CO,
storage increases linearly (Figure 6c¢). At 30 years, the net cumulative CO, storage is 720 million tons. In
contrast, the CPG concept, which emphasizes the recirculation of CO,, does not result in large net storage of
CO,. The five-spot well configuration, analyzed to demonstrate CPG, only resulted in 20 million tons of
cumulative net storage after 25 years of injection at 280 kg/sec (Randolph and Saar, 2011a). When
achieving early recirculation of CO, as a working fluid is the focus of CO, injection, this will not result in
significant CO, sequestration, relative to the global need for climate change mitigation. At 100 yr, our 16-
well configuration has sequestered greater than 2 billion tons of CO,, two orders of magnitude greater than
in the CPG example analyzed by Randolph and Saar (2011a). Our approach intentionally balances the need
for permanent CO, sequestration with the use of CO, as an efficient working fluid for geothermal heat
recovery. The ancillary benefit of sequestering huge volumes of CO; is that it creates an enormous thermal
footprint wherein geothermal heat can be efficiently and more sustainably harvested.



Table 3. CO2-sequestration performance for the 16-well pattern is summarized.

Geothermal heat flux Reservoir bottom Cumulative net CO; storage (billion tons)
(mW/m2) depth (m) Oyr 30 yr 100 yr 200 yr 500 yr 1000 yr
50 5000 0.0 0.72 2.26 3.64 6.04 8.68
75 5000 0.0 0.72 2.32 3.90 6.81 10.2
100 5000 0.0 0.72 2.36 4.06 7.35 1.3
75 2500 0.0 0.72 2.09 3.28 5.96 8.02
100 2500 0.0 0.72 2.16 3.46 5.46 9.03

6.2 Analyses of 5-Spot Well Patterns

The 12 and 16 well patterns analyzed in Section 6.1 are not typical of those used in petroleum fields. We decided
to analyze 5-spot well patterns, which are typically used in petroleum field operations for injecting water and CO,
during secondary and tertiary (EOR) recovery operations. A production well is surrounded by four “corner” CO,
injectors. Because this pattern is repeated over a large well field, each production well receives the fluid injection
from one-fourth of the injection rate of each of the corner wells. This allows the quarter symmetry model to end
at the no-flow boundaries between each of the repeated 5-spot well patterns. Thus, the thermal footprint for each
production well is equal to the area circumscribed by the four “quarter” injectors. We analyzed well configuration
areas of 1, 2, 4, 8, and 16 km?, with well spacings of 0.7071, 1.0, 1.4142, 2.0, and 2.8284 km, respectively,
between the producer and 4 corner CO, injectors. Fluid production rate is 120 kg/sec, which is achievable using
conventional down-hole pumps. The CO, injection rate is 30 kg/sec for each of the corner injectors, with the
remaining 90 kg/sec going to the adjoining 5-spot patterns.

Before we consider the suite of 5-spot cases, we first consider a case analyzed by Randolph and Saar (2011a)
who considered a 5-spot pattern with 0.7071-km well spacing, a reservoir thickness of 305 m, and 280 kg/sec
flow rates for the corner CO, injectors and the producer. The geothermal and CO,-sequestration performance
is plotted in Figure 7, and summarized in Tables 4 and 5. Saar and Randolph (2011a) determined an economic
life of 25 years for this operation. In our corresponding simulation, thermal drawdown at 25 years is becoming
significant, with production temperature declining to 92.5 and 85.1°C at 25 and 30 years respectively,
indicative of uneconomic temperatures. When the injectors and producers are closely spaced, CO, quickly
breaks through to the producer, resulting in little permanent CO, storage. Saar and Randolph (2011a) estimated
that only 7 percent of the injected CO, is not recovered (i.e., permanent storage) during the lifetime (25 years)
of CPG operations, while in our corresponding model, the net storage is 5.5 percent of the injected CO,; hence,
our respective simulations are in excellent agreement, both with regards to temperature history and net CO,
storage. When the injection and production flow rates are reduced to 120 kg/sec, thermal drawdown is
significantly delayed, doubling the economic lifetime of the heat recovery operations (50 versus 25 years), and
doubling the net CO, storage to 11.1 percent of injected CO, at 25 years (Table 5).

Table 4. Production well temperature histories are summarized for a 5-spot well pattern with 0.7071-km well spacing (Figure 7).

Flow rate Reservoir Production temperature (°C Thermal drawdown (°C)?
(kglsec) thickness (m) | Oyr 5yr | 10yr | 25yr | 30yr | 50yr | 100yr | 20yr | 25yr | 30yr | 50yr | 100yr
280.0 305.0 106.0 | 103.0 | 1020 | 925 | 85.1 553 | 285 43 105 | 179 | 477 | 745

120.0 250.0 106.0 | 103.0 | 103.0 | 102.0 | 102.0 | 914 | 548 1.0 1.0 10 | 116 | 482

Thermal drawdown is determined relative to the temperature at 5 and 10 years, because the initial temperature decline is caused by drawing

cooler brine from the upper half of the reservoir. For the 280.0 kg/sec case, CO2 breakthrough occurs before thermal mixing is complete.

Table 5. CO2-sequestration performance is summarized for a 5-spot well pattern with 0.7071-km well spacing (Figure 7).

Flow rate (kg/sec) Reservoir thickness Cumulative net CO; storage (million tons)
(m) Oyr 25yr 30 yr 100 yr 200 yr 500 yr 1000 yr
280.0 305.0 0.0 1241 124 135 14.2 15.5 16.5
120.0 250.0 0.0 11.2 115 12.6 13.2 14.1 14.8
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Geothermal and CO,-sequestration performance of the 5-spot well pattern suite is plotted in Figures 9 and 10,

and summarized in Tables 6 and 7. The economic |

ifetime of heat recovery operations increases with well

spacing. Using the same criteria for economic lifetime used above (Table 4), with respect to thermal

drawdown, the economic lifetime for these cases is

50, 100, 200, 430, and 950 years for well spacings of

0.7071, 1.0, 1.4142, 2.0, and 2.8284 km, respectively (Tables 6). Hence, economic lifetime is nearly linearly
proportional to the area of the thermal footprint, indicating the influence of the geothermal heat flux.

Table 6. Production well temperature histories for are summarized for 5-spot well patterns in Figure 8.

Well spacing | Area of thermal Production temperature (°C) Thermal drawdown (°C)?
(km) footprint (km?) Oyr | 10yr | 30yr | 50yr | 100yr | 200yr | 1000yr | 50yr | 100yr | 200yr | 1000yr
0.7071 1 106.0 | 103.0 | 102.0 | 914 54.8 336 222 116 | 482 | 694 80.8
1.0 2 106.0 | 103.0 | 102.0 | 102.0 | 920 57.2 28.0 1.0 11.0 | 458 75.0
14142 4 106.0 | 103.0 | 102.0 | 102.0 | 102.0 92.8 40.6 1.0 1.0 10.2 614
20 8 106.0 | 103.0 | 102.0 | 102.0 | 102.0 102.0 63.5 1.0 1.0 1.0 395
2.8284 16 106.0 | 103.0 | 102.0 | 102.0 | 102.0 102.0 90.9 1.0 1.0 1.0 121

Thermal drawdown is determined relative to the temperature at 10 years,

because the initial temperature decline is caused by drawing cooler brine from

the upper half of the reservoir. The thermal drawdown is 10.2°C at 430 years for 2.0-km well spacing and 10.6°C at 950 years for 2.8284-km spacing.
Table 7. COz-sequestration performance is summarized for 5-spot well patterns in Figure 8.

Well spacing Area of thermal Cumulative net CO: storage (million tons)
(km) footprint (km?) Oyr 30yr 100 yr 200 yr 500 yr 1000 yr
0.7071 1 0.0 115 126 13.2 14.1 14.8
1.0 2 0.0 24.2 273 284 304 317
14142 4 0.0 46.4 55.1 58.2 62.6 65.8
20 8 0.0 738 105.0 115.0 125.0 133.0
2.8284 16 0.0 976 177.0 214.0 248.0 267.0
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Figures 8b and 9b show the influence of well spacing on CO, breakthrough time and CO, mass fraction in the
production wells. Figures 8c and 9c show the influence that CO, breakthrough and mass fraction have on
cumulative net CO, storage. At 30 years, the percentage of injected CO, that is permanently stored is 10.2,
21.3, 40.8, 65.0, and 85.9 percent for well spacings of 0.7071, 1.0, 1.4142, 2.0, and 2.8284 km, respectively
(Table 7). At 100 years, the percentage of injected CO, that is permanently stored is reduced: 3.3, 7.2, 14.6,
27.7, and 46.7 percent for well spacings of 0.7071, 1.0, 1.4142, 2.0, and 2.8284 km, respectively.

To investigate the influence of reservoir thickness on economic lifetime, we analyzed the case with 2.8284-km
well spacing for reservoir thicknesses of 250 and 125 m (Figure 10 and Tables 8 and 9). Compared to the 250-
m-thick-reservoir case, the injected CO, for the 125-m-thick-reservoir case has half the residence time between
the CO;, injectors and the producer. Consequently, the CO, plume arrives at the producer before it is has time
to be heated to close to formation temperature, causing a slightly greater thermal drawdown at 30 years than in
the 250-m-thick-reservoir case (4°C versus 1°C). Subsequently, thermal conduction heats the CO, plume,
increasing the temperature to close to formation temperature (nearly reaching a steady state), with minimal
thermal drawdown (1°C) at 100 and 200 years for the 125-m-thick-reservoir case. Thereafter, the thermal
drawdown gradually becomes slightly greater than in 250-m-thick-reservoir case (Table 8), resulting in an
economic lifetime is somewhat less than that of the 250-m-thick-reservoir case (750 versus 950 years).

Figure 10b shows the influence of reservoir thickness on CO, breakthrough time and CO, mass fraction in the
production wells. Figure 10c show the influence that CO, breakthrough and mass fraction have on cumulative
net CO, storage. During the first 10 years, cumulative net storage is similar (Table 9); thereafter, the ratio of
cumulative net CO, storage approaches two, directly proportional to the relative reservoir thickness.
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Table 8. Production well temperature histories are summarized for a 5-spot well pattern with 2.8284-km well spacing (Figure 10).

Reservoir Production temperature (°C) Thermal drawdown (°C)?
thickness (m) | Oyr | 10yr | 30yr | 50yr | 100yr | 200yr | 500yr | 1000yr | 30yr | 50yr | 100yr | 200yr | 500yr | 1000 yr
250 m 1060 | 1030 | 1020 | 1020 | 1020 | 1020 | 1020 90.9 1.0 1.0 1.0 1.0 1.0 121
125m 108.0° | 1060 | 1020 | 1030 | 1050 | 1050 | 101.0 86.3 4.0 3.0 1.0 1.0 5.0 19.7

Thermal drawdown is determined relative to the temperature at 10 yr, because the initial temperature decline is caused by drawing cooler brine
from the upper half of the reservoir. Thermal drawdown is 10.8°C at 750 years for the 125-m-thick-reservoir case and is 10.6°C at 950 years for the
250-m-thick-reservoir case.

bnitial temperature is higher than in the 250-m-thick reservoir because the average reservoir depth is 62.5 m greater.

Table 9. CO2-sequestration performance is summarized for a 5-spot well pattern with 2.8284-km well spacing (Figure 10).

Reservoir thickness Cumulative net CO, storage (million tons)
(m) Oyr 10 yr 30yr 50 yr 100 yr 200 yr 500 yr 1000 yr
250 m 0.0 379 976 131.0 177.0 214.0 248.0 267.0
125m 0.0 36.9 748 89.7 105.0 114.0 126.0 135.0

7. Future Work

In this report we introduced and analyzed a two-stage, integrated geothermal-CCS approach. In future work,
we will investigate various permutations and extensions of this approach, with an emphasis on options for
the reinjection of either produced brine or residual brine that is blowdown from either RO desalination or
saline-cooling operations. In considering brine reinjection options, we will introduce and analyze a three-
stage, integrated geothermal-CCS approach. In the three-stage approach, stage one will involve the
reinjection of produced brine, rather than CO, injection; thus, brine will be re-circulated as the working
fluid. One of the purposes of stage one will be to characterize the reservoir, possibly involving the use of
smart tracers, to investigate reservoir heterogeneity and compartmentalization, while producing a revenue
stream for the integrated geothermal-CCS operation. This would allow for the determination of the tendency
for fast pathways and for the natural loss (i.e., attrition) of working fluid during injection/production
operations, which reduces the uncertainty about the economic viability of the subsequent stages. Stage two
could be a modification of stage one (see Section 4), wherein CO, is gradually introduced as an injected
working fluid, perhaps functioning as a make-up fluid to address the natural attrition of reinjected brine.
Stage two will also involve the engineered attrition of brine, wherein brine is diverted for some
consumptive beneficial use (see Section 3.1), which allows for increased CO, injection rates, while
remaining within a pressure-management target for sequestration security. Finally, stage three would be an
extension of stage two (see Section 4), with the addition of brine or residual brine reinjection.

8. Summary and Conclusions

The challenges of mitigating global climate change and generating sustainable energy are inseparable and
require innovative, cross-cutting thinking that aggressively seeks synergistic opportunities in an open-
minded manner. We conducted a preliminary reservoir engineering analysis of a two-stage, integrated
geothermal-CO,-storage approach, which can be flexibly deployed to optimize the combination of
geothermal energy recovery and secure CO, sequestration, at reduced environmental risk. The conceptual
model used in this study is highly idealized. Real reservoir systems will be heterogeneous, with the storage
formation possibly being compartmentalized, and with regions of lower permeability than used in this
example. These conditions are likely to require more complex well configurations that adapt and conform to
the permeability structure of the reservoir. Heterogeneity will result in earlier CO, breakthrough than shown
in our examples, which will reduce the duration of stage one, and enable earlier utilization of CO, as a
working fluid. The results of this study are quite encouraging with regards to large-scale, secure CO,
sequestration and to sustainable geothermal energy recovery and should motivate further reservoir,
geospatial, and economic investigations of various permutations and extensions of this approach.
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